Understanding how the cerebral cortex processes information is a major aim of neurobiology today, with important implications for disciplines ranging from psychiatry to the designing of living machines. Numerous investigative techniques at different levels are used to this end, including functional brain imaging, single-unit recording, and anatomy. These techniques rapidly converge at the level of the cortical area, where specific physiological functions can be localized and each area exhibits distinct patterns of connectivity. The concerted action of multiple areas is thought to underlie sensory processes and cognitive functions. This has led to a major field of research that attempts to determine the position of individual areas in the overall cortical organization of information flow. Work in the visual system has been particularly fruitful in this respect. Here, Hubel and Wiesel in the 1970s built on a tradition going back to Hughlings Jackson, which conceived that the brain was structured along hierarchical principals. In Hubel and Wiesel's work, hierarchical relations were explored, and it was shown, for example, that as one progresses from the primary area (area V1) to successively higher areas (V2, V3, V4, etc.) there is a progressive increase in both the dimensions and the complexity of receptive fields. This approach led to the concept that different attributes of the retinal image, such as color and movement, are emphasized in different areas (Zeki, 1978) . In this way, information is thought to be extracted at the successive levels going from lower to higher visual areas according to a feedforward direction.
Physiological investigation of the cortex has recently put into question this feedforward hypothesis of information flow, and it is becoming increasingly clear that feedback processes need to be considered as well. One major issue is that the timing of activation of successive levels simply does not fit with the concept of strictly sequential activation (Petroni, Panzeri, Hilgetag, Kotter, & Young, 2001) . Intracranial recording in the monkey has shown that there is considerable overlap in the timing of the signal response at successive hierarchical stages (Nowak, Munk, James, Girard, & Bullier, 1999; Raiguel, Lagae, Gulyas, & Orban, 1989; Schmolesky et al., 1998; Zipser, Lamme, & Schiller, 1996) . Furthermore, there is experimental evidence of rapid widespread activation of the sensory parietal cortex within 45 msec and of prefrontal areas within 90 msec (Foxe & Simpson, 2002; Juan & Walsh, 2003) . Together, these studies have shown that fast activation of higher areas, coupled with late activation of area V1, means that V1 can have a higher area function, which in turn could generate the known attentional processes in early visual areas including the primary visual cortex (Allman, Miezin, & McGuinness, 1985; Kastner & Ungerleider, 2000; Mehta, Ulbert, & Schroeder, 2000a , 2000b Motter, 1993; Somers, Dale, Seiffert, & Tootell, 1999; Vanduffel, Tootell, & Orban, 2000) . Temporal, but also spatial, attributes of activity in response to a stimulus point to the higher function of area V1. There is increasing evidence that area V1 neurons are influenced by stimuli outside of the classical receptive field, leading to complex It is generally agreed that information flow through the cortex is constrained by a hierarchical architecture. Recent experimental evidence suggests that projections descending the hierarchy and targeting the primary visual cortex (area V1) may play an essential role in perceptual processes. We have, therefore, reexamined feedback projections to area V1, using retrograde tracer injections in this area. In addition to well-known areas, quantification of labeling in higher cortical areas reveals a number of hitherto unknown long-distance feedback connections originating from auditory (A1), multisensory (STP) cortices, but also from a perirhinal area (36). These feedback projections from advanced cortical stations, a global feature shared by areas that belong to the ventral visual stream, could play an important role in early multisensory integration and spatial awareness and could provide the physical substrate for the involvement of area V1 in visual consciousness.
contextual responses (Nothdurft, Gallant, & Van Essen, 1999; Zipser et al., 1996) . These long-range interactions beyond the receptive field clearly fit with the high divergence of feedback projections from higher areas (Angelucci et al., 2002; Kennedy & Bullier, 1985; Salin, Girard, Kennedy, & Bullier, 1992) . Furthermore, these feedback projections originating from sensory nonvisual areas provide the basis for multisensory integration (Falchier, Clavagnier, Barone, & Kennedy, 2002) .
Multisensory integration of sensory inputs has been shown to occur at multiple sites, including midbrain and cortical levels (Stein & Meredith, 1993) . Multisensory convergence is not a sufficient condition for multisensory integration. At the level of a single neuron, the convergence of inputs from different sensory modalities often, but not always (Wallace & Stein, 1994) , results in the integration of concurrent signals, so that responses are significantly different from those obtained with either of the modality-specific components alone (Stein & Meredith, 1993) . Classical descriptions of the visual cortex predict an integration of visual and nonvisual stimuli at later stages of cortical processing (Calvert, Brammer, & Iversen, 1998; Hikosaka, Iwai, Saito, & Tanaka, 1988) . Most anatomical and electrophysiological studies have pointed to multisensory convergence in areas located in the temporal, parietal, and frontal cortex (Benevento, Fallon, Davis, & Rezak, 1977; Goldman-Rakic, 1988 ). However there is recent electrophysiological and brain-imaging evidence that visual, auditory, and somatosensory integration occurs at relatively early stages of the visual cortical pathways (Giard & Peronnet, 1999; Macaluso, Frith, & Driver, 2000) . Recent imaging studies performed on humans have shown cortical multisensory integration sites early in visual pathways and especially around the lingual gyrus, where early visual areas are located (Macaluso et al., 2000) . This result is also supported by fMRI studies showing multisensory integration in the region of the superior occipital gyrus (Calvert, Hansen, Iversen, & Brammer, 2001) . These findings in favor of early multisensory integration were unexpected because anatomical studies of the monkey brain failed until recently to detect afferent connections to the primary visual cortex from areas processing modalities other than vision. This stands in contrast with evidence that congenital blindness leads to the responding by early visual cortical areas in the dorsal stream to nonvisual stimuli, including auditory stimuli (Weeks et al., 2000) and tactile stimuli in a discrimination task (Buchel, Price, Frackowiak, & Friston, 1998; Cohen et al., 1999; Sadato et al., 1996) . It is thought that these nonvisual responses are being relayed back to early visual cortical stages via feedback projections from the parietal cortex (Pons, 1996) . However, we need to keep in mind that nonvisual information may have access to the visual areas through rewiring of subthalamic pathways during development (Angelucci, Clasca, & Sur, 1998) .
The primary visual area V1 of the primate contains a fine-grain map of the visual world and receives the bulk of ascending visual pathways (Zeki, 1993) . It also receives a large number of cortico-cortical connections, which have been described as largely from visual cortical areas (Barone, Batardière, Knoblauch, & Kennedy, 2000; Felleman & Van Essen, 1991; Perkel, Bullier, & Kennedy, 1986) . Weak afferent projections to V1 have been described from distant areas in the ventral (TEO, TE) and dorsal (MST, LIP) pathways (Barone et al., 2000; Felleman & Van Essen, 1991; Perkel, et al., 1986; Rockland, 1994) . All these areas respond principally to visual and oculomotor stimuli, except for the LIP, where auditory-related activity has been reported (Linden, Grunewald, & Andersen, 1999) . Jones and Powell (1970) have postulated that the connectivity of primary sensory areas is restricted to those areas of the same modality. The evidence in favor of multisensory convergence at the first cortical stage of information processing has prompted us to challenge the concept put forward by Jones and Powell concerning the definition of a primary area.
METHOD
In order to establish the complete pattern of cortical connectivity of area V1, we implemented a quantitative analysis using tracers of optimal sensitivity. We made injections of the retrograde tracers fast blue and diamidino yellow in area V1 subserving central and peripheral visual fields. A major property of these tracers is that they give very clear injection sites, with highly restricted pickup zones (Bullier, Kennedy, & Salinger, 1984) . These tracers are extremely sensitive, and counting the number of neurons in different areas and layers makes it possible to determine two parameters (Figures 1 and 2): (1) the FLN which refers to the fraction of labeled neurons in each area and indicates the relative contribution of a given connection (Falchier et al., 2002; Vezoli et al., in press,) ; and (2) the SLN, which indicates the hierarchical distance separating the labeled area from the injected area (Barone et al., 2000) . Four retrograde tracing experiments were carried out on 3 cynomolgus monkeys (Macaca fascicularis). Some of the results from these injections have already been reported in another article (Falchier et al., 2002) . Central area 17 injections were in the cortex subserving 0º-2º in the lower visual field (M85RHDY and M85RHFsB). Injections aimed at the peripheral representation were made in the head and stem of the calcarine sulcus by means of vertical penetrations, using stereotaxic coordinates. Two different eccentricities can be distinguished in peripheral area 17 injections. The M76LH injection was located in the dorsal leaf of the calcarine cortex subserving 10º-12º eccentricity (Falchier et al., 2002) . The other peripheral injection (M81RH) was located further ventrally, near the junction of the dorsal leaf with the calcarine stem, and were in the cortex subserving 15º-20º. A detailed explanation of the histological procedures has been reported elsewhere (Falchier et al., 2002) .
Immunohistochemical and myelin staining criteria made it possible to localize labeled neurons in MT, MST, FST (STS complex), STP, and auditory areas (Cusick, 1997; Morel, Garraghty, & Kaas, 1993) . The auditory area A1, located in the posterior bank of the lateral sulcus, is distinguished by using acetylcholynesterase and cytochrome oxidase reactivity (Morel et al., 1993) and by the presence of a strong parvalbumin staining in Layers 2-4 (Kosaki, Hashikawa, He, & Jones, 1997) . The perirhinal and parahippocampal cortices were delimitated using SMI-32 staining and the Nissl method for cytoarchitectonic analysis (Suzuki & Amaral, 2003) . 
RESULTS
Labeled neurons were found in the 13 cortical areas that are known to provide projections to area V1, including the recently described projection from STP and A1 (Falchier et al., 2002; Rockland & Ojima, 2003) . Labeled neurons were found in the medial temporal lobe in accordance with earlier reports (Doty, 1983 ; Kennedy & Bullier, 1985; Lyon & Kaas, 2002; Rockland & Van Hoesen, 1994 ). An unexpected finding was the presence of labeled neurons in area 36 (Figure 3) . Preliminary FLN data suggest that projections from TH and TF to area V1 are comparable in strength to the projections originating from STP and A1.
We have used the SLN values to construct a hierarchical model of the relationships of the areas showing long distance projections to area V1 (Figure 4) .
We have also indicated, on the Felleman and Van Essen (1991) model of the visual cortex, those areas that show long-distance feedback connections to area V1 ( Figure 5 ). This reveals that all of the so-called ventral stream areas have long-distance connections with area V1.
DISCUSSION
The present results show that area V1 receives projections from a number of areas that have classically not been considered to be part of the visual system. After making interspecies comparisons, we shall consider the feedback projections from STP and the auditory cortices with respect to multisensory convergence and spatial awareness. Our results also reveal long-distance feedback projections to area V1 from areas located at the top of the Felleman and Van Essen (1991) hierarchical model (area 36, TH, and TF). These pathways are discussed with regard to their possible involvement in visual imagery.
Interspecies Comparison
Although sparse projections from the primary auditory cortex to area V2 in adult rodents and cats have been reported (Innocenti, Berbel, & Clarke, 1988; Miller & Vogt, 1984) , such projections to area V1 are thought to be absent in these species (Dehay, Kennedy, & Bullier, 1988; Montero, 1993; Sanderson, Dreher, & Gayer, 1991; Symonds & Rosenquist, 1984) . Although we cannot exclude the possibility that some of the studies above might have missed an auditory projection to peripheral area V1, Montero and colleagues have specifically addressed this issue and have found no such projection (Montero, 1993) . Furthermore, although a direct projection from the auditory cortex to area V1 has been reported in the opossum, it is considerably weaker than that to area V2 (Martinich, Pontes, & Rocha-Miranda, 2000) . These interspecies comparisons suggest that the projection of the auditory cortex and the STP to peripheral area V1 might be a unique primate feature. However it needs to be remembered that homologies of the STP in nonprimates are difficult to identify.
Feedback Projections and Multisensory Integration
Schroeder has argued that multisensory convergence at early stages indicates a high-order function at lowlevel sensory cortices, which is compatible with reverse hierarchy theory (Cauller, 1995; Hochstein & Ahissar, 2002; Schroeder et al., 2003) . The auditory system is organized in parallel streams. The caudal parabelt (which contains 70% of the neurons of the auditory cortices projecting to area V1) is part of the dorsal auditory pathway specialized in spatial information processing, including sound source localization (Kaas & Hackett, 2000; Recanzone, 2000; Tian, Reser, Durham, Kustov, & Rauschecker, 2001) . Overall, the auditory cortex plays an important role in sound localization, and receptive fields are large and extend behind the pinna axis (Barone, Clarey, Irons, & Imig, 1996) . Similarly, auditory receptive fields in the STP are large and expand in the peripheral visual field (Hikosaka et al., 1988) . Hence, there is a certain degree of spatial congruence in the auditory properties of A1/STP and the visual representation of the part of area V1 to which these areas project.
Multisensory integration serves to enhance perceptual capacities (Stein & Meredith, 1993) , so that, for example, the addition of an auditory signal to a visual stimulus might lead to improved detection and reduced delay and, therefore, an improved orientation response, as compared with visual stimuli alone (Giard & Peronnet, 1999; Goldring, Dorris, Corneil, Ballantyne, & Munoz, 1996; McDonald, Teder-Salejarvi, & Hillyard, 2000) . This is relevant to our findings because the short latencies to auditory stimulus in A1 and the STP (Bruce, Desimone, & Gross, 1981; Recanzone, Guard, & Phan, 2000; Schroeder & Foxe, 2002) mean that the projections from these areas to V1 could participate in a foveation mechanism toward a peripheral sound source (Heffner & Heffner, 1992) . Recently, a new form of multisensory convergence has been reported (Dehner, Keniston, Clemo, & Meredith, 2004) . The authors provided evidence of auditory suppression of somatosensory responses in area SIV in the cat. Such a mechanism may play a role in cross-modal selective attention, whereby attention to one modality broadly suppresses activity in another. Since no auditory responses have yet been reported in V1 neurons, one can speculate that such a type of interaction might exist in the primary visual area.
Multisensory integration can play an important role in the functional reorganization of the cortex following sensory deprivation. This could be made possible by cortical pathways such as the auditory/STP projection to peripheral area V1 (Pons, 1996) . In patients suffering from early blindness, early visual areas, including the primary visual cortex, are responsive to tactile (Buchel et al., 1998; Cohen et al., 1999; Sadato et al., 1996) and auditory (Weeks et al., 2000) stimuli. The functional reorganization in the multisensory area observed after early visual deprivation (Rauschecker, 1995; Wanet-Defalque et al., 1988; Yaka, Yinon, & Wollberg, 1999) might be coupled to a functional strengthening of the auditory and STP connections to V1 by overtraining in the nonaffected modalities.
Peripheral visual deafferentation in the newborn cat induces an improvement in spatial auditory localization performances later in life Rauschecker & Kniepert, 1994 ) that has been explained by cortical compensatory mechanisms in the multisensory areas . This could have important behavioral consequences, such as the improved capacity of the blind to localize sound in peripheral auditory space (Roder et al., 1999) . A recent PET study also has shown auditory activation of V1 and V2 in postlingually deaf subjects implanted with cochlear implants, listening to sounds with closed eyes (Giraud, Price, Graham, Truy, & Frackowiak, 2001 ). These authors have suggested that the activation of the visual cortex is similar to the recruitment of the auditory cortex during speech reading (Calvert et al., 1997) . One can assume that cross-modal cooperation could compensate for the subthreshold stimulation by processing complementary information from another sensory modality. Hence, anatomical, electrophysiological, and brain-imaging studies support a model of cross-modal integration within a distributed network of cortical areas in which the primary visual area could participate in the initial integration of sensory information (Calvert, Campbell, & Brammer, 2000; Stein, 1998) . Cross-modal integration has a particular importance for theories of visual consciousness, which we shall examine in the next section.
Feedback Projections and Visual Consciousness
Cortico-cortical feedforward projections going from lower to higher hierarchical levels are thought to elaborate receptive field responses (Bullier, Girard, & Salin, 1994; Vanduffel, Payne, Lomber, & Orban, 1997; Zeki, 1993) . Feedback mechanisms play a role in integrating information outside of the classical receptive field and figure-ground discrimination (Hupé et al., 1998; Lamme & Roelfsema, 2000) . Such top-down influences could provide the substrate of high-level effects, such as selective attention in area V1 (Kastner & Ungerleider, 2000; Lamme & Roelfsema, 2000; Mehta et al., 2000a Mehta et al., , 2000b . Recent experiments have directly addressed the possible role of feedback projections in the visual consciousness. Pascual- Leone and Walsh (2001) showed that stimulation of V5 elicits moving phosphenes, which disappear during inactivation of area V1. The work of Logothetis has examined neuronal response coding perception and responses to the retinal image at different cortical stages. Using binocular rivalry and an adaptation paradigm, this work has shown that at early cortical stations, there are some neurons that change activity according to the percept, and not the retinal image, and hence, strongly supports the idea of top-down processes (Leopold & Logothetis, 1996; Tolias, Smirnakis, Augath, Trinath, & Logothetis, 2001 ).
Feedback Projections and Visual Imagery
Feedback pathways have also been implicated in visual imagery (Miyashita, 1995) . There is a large body of evidence that visual imagery activates early cortical stages, including area V1, again indicating top-down processes (Thompson & Kosslyn, 2000) . Cross-modal activity can be associated with the mental image of the stimuli and has been implicated in the activation of the calcarine cortex in humans (Klein, Paradis, Poline, Kosslyn, & Le Bihan, 2000) . Similarly, in humans performing a tactile object recognition task, tactile-specific activity has been observed in the calcarine visual cortex in the absence of visual information (Deibert, Kraut, Kremen, & Hart, 1999) .
It is still debated whether mental images are fundamentally different from verbal thoughts, whether they share common mechanisms with visual perception, and whether information in images is represented in a maplike, spatial format. But most neuropsychological, psychophysical, and neuroimaging studies have indicated that visual perception and mental imagery share common mechanisms (Farah, 1995; Ishai & Sagi, 1995; Miyashita, 1995 ; but see Bartolomeo, 2002) .
Furthermore, visual imagery activates several visual regions, including area V1 (for a review, see Kosslyn, Ganis, & Thompson, 2001) . By recording single neurons in the human medial temporal lobe while subjects were asked to imagine previously viewed images, Kreiman, Koch, and Fried (2000) showed that single neurons in the hippocampus, amygdala, entorhinal cortex, and parahippocampal gyrus selectively altered their firing rates, depending on the nature of the imaginary stimulus. In this respect, the connections we report between parahippocampal areas TH/ TF and perirhinal area 36 and V1, as well as the connections from the amygdala to V1 (Amaral, Behniea, & Kelly, 2003) , could constitute the pathway that activates and modulates area V1 during visual recall (memory and imagery). According to the theories of reverse hierarchy and visual imagery, the activation of area V1 is specifically required for fine-grain visual images (Hochstein & Ahissar, 2002; Kosslyn et al., 2001 ). 
Feedback Projections and Spatial Awareness
Lesions of the STP and surrounding areas in the superior temporal gyrus (presumably, the parabelt) in the monkey were found to induce deficits strongly resembling unilateral neglect in human (Luh, Butter, & Buchtel, 1986; Watson, Valenstein, Day, & Heilman, 1994) . Although there is still some debate about the exact site of the lesion that generates this syndrome in the human, a recent study has put forward a strong argument in favor of the STG (Karnath, Ferber, & Himmelbach, 2001 ; see Figure 6 ). Patients with unilateral neglect typically behave as if the left part of their visual field or even of their own body no longer exists (Bisiach & Vallar, 1988) . This syndrome can be defined as a spatial awareness disorder because it is not restricted to the visual modality but includes tactile and auditory modalities (Karnath & Perenin, 1998; Pavani, Làdavas, & Driver, 2003) . Could it be that the involvement of the STP in the monkey in spatial awareness is related to the fact that the STP, a multisensory cortical area (Cusick, 1997) , has direct feedback projections to area V1?
CONCLUSION
In the present article, we have developed the proposition that feedback projections to area V1 play an important role in spatial and visual cognition. An important aspect of this concept, which needs to be further explored, is that the cognitive function of area V1 is linked in some way to the multisensory convergence that occurs at this level. Furthermore, multisensory convergence at each hierarchical step of each sensory system may be a necessary feature for building a unified conscious system. Future work is required to explore whether a similar anatomical basis exist for multisensory integration in the primary cortices of other sensory modalities.
